[1] Long-term (10 5 years) fault slip rates test the scale of discrepancy between infrequent paleoseismicity and relatively rapid geodetic rates of dextral shear in the Eastern California Shear Zone (ECSZ). The Calico fault is one of a family of dextral faults that traverse the Mojave Desert portion of the ECSZ. Its slip rate is determined from matching and dating incised Pleistocene alluvial fan deposits and surfaces displaced by fault slip. A high-resolution topographic base acquired via airborne laser swath mapping aids in identification and mapping of deformed geomorphic features. The oldest geomorphically preserved alluvial fan, unit B, is displaced 900 ± 200 m from its source at Sheep Springs Wash in the northern Rodman Mountains. This fan deposit contains the first preserved occurrence of basalt clasts derived from the Pipkin lava field and overlies Quaternary conglomerate deposits lacking these clasts. The Ar dating of two flows from this field yields consistent ages of 770 ± 40 ka and 735 ± 9 ka. An age of 650 ± 100 ka is assigned to this fan deposit based on these ages and on the oldest cosmogenic 3 He exposure date of 653 ± 20 ka on a basalt boulder from the surface of unit B. This assigned age and offset together yield a mid-Pleistocene to present average slip rate of 1.4 ± 0.4 mm/yr. A younger fan surface, unit K, records 100 ± 10 m of dextral displacement and preserves original depositional morphology of its surface. Granitic boulders and pavement samples from this surface yield an average age of 56.4 ± 7.7 ka after taking into account minimal cosmogenic inheritance of granitic clasts. The displaced and dated K fans yield a slip rate of 1.8 ± 0.3 mm/yr. Distributed deformation of the region surrounding the fault trace, if active, could increase the overall displacement rate to 2.1 ± 0.5 mm/yr. Acceleration of slip rate from an average of 1.4 mm/yr prior to $50 ka to 1.8 mm/yr since $50 ka is possible, though a single time-averaged slip rate of 1.6 ± 0.2 mm/yr satisfies the data. These rates are faster than any other paleoseismic or long-term slip rate yet determined for other dextral faults in the Mojave Desert and imply that fault slip rates and earthquake productivity are heterogeneous across this portion of the ECSZ. Total displacement across the Calico fault diminishes northward as shear is distributed into folding and sinistral faults in the Calico Mountains. This pattern is consistent with an approximately threefold drop in geologic slip rate as the Calico fault steps over onto the Blackwater fault and demonstrates the significance of fault interaction for understanding the pattern of present-day strain accumulation in the ECSZ. 
Introduction
[2] Far-field geodetic measurements of present-day strain accumulation agree remarkably well with relative plate motion described from seafloor spreading since 3 Ma [DeMets et al., 1994] and support the contention of steady plate boundary loading rates. However, the distribution of this loading within a plate boundary fault system may not be as steady as temporally averaged geologic fault slip rates. Clustered moment release on individual faults [Dawson et al., 2003; Grant and Sieh, 1994; Stein et al., 1997; Weldon et al., 2004] and fault systems [Ambraseys, 1971; Friedrich et al., 2003; Pollitz et al., 2001; Rockwell et al., 2000; Wallace, 1977] may indicate that faults store significant elastic strain across multiple earthquakes [Kenner and Simons, 2005; Meade and Hager, 2004] and that transient postseismic strain accumulation modulates the earthquake cycle [Ben-Zion et al., 1999; Pollitz and Sacks, 2002; Pollitz et al., 2001] . Comparisons between geodetic loading rates and geologic slip rate measurements could provide much needed insight into the cause(s) of earthquake clustering and significantly advance understanding of seismic hazards [Meade and Hager, 2005; Peltzer et al., 2001] .
[3] The Eastern California Shear Zone (ECSZ) of western North America offers a well-documented example of a distributed, intracontinental shear zone with clustered earthquake activity [Dawson et al., 2003 ] and a potential discrepancy between geologic and geodetic data ( Figure 1 ). Geodetic measurements consistently support 10 to 14 mm/yr of dextral shear across the Mojave Desert portion of the ECSZ [Dixon et al., 1995; Gan et al., 2000; Sauber et al., 1994; Savage et al., 1990] This displacement rate constitutes up to 25% of total Pacific -North America plate motion [Dixon et al., 1995] but is in conflict with geologic evidence of long earthquake recurrence intervals and submillimeter per year slip rates for individual active faults in the southern ECSZ [Bryan and Rockwell, 1995; Miller and Yount, 2002; Oskin and Iriondo, 2004; Padgett and Rockwell, 1993; Rockwell et al., 2000; Rubin and Sieh, 1997] . Block models of geodetic strain accumulation affirm this discrepancy and suggest a significant moment deficit in the ECSZ compared to historic seismicity, despite recent earthquakes [Meade and Hager, 2005] .
[4] Many cited slip rates for faulting in the Mojave Desert portion of the ECSZ [Petersen and Wesnousky, 1994] are derived from tectonic block models using an assumed age of fault initiation [Dokka and Travis, 1990a] . The actual age of initiation of faulting related to northwest directed shear in the Mojave Desert is difficult to constrain [Dokka, 1983] and was likely diachronous across the province [Bartley et al., 1990; Dokka et al., 1998; Glazner et al., 2002; . Slip rate data for active faults determined from syntectonically emplaced markers are rare from the Mojave Desert (Figure 1 ). Late Cenozoic basalt flows yielded datable offset markers and slip rates on the Blackwater and Pisgah faults [Hart et al., 1988; Oskin and Iriondo, 2004] . Paleoseismic recurrence and coseismic displacement together provided estimates of slip rates for several fault strands involved in the 1992 Landers earthquake [Rockwell et al., 2000; Rubin and Sieh, 1997] . All of the dextral slip rates determined thus far from syntectonic markers and paleoseismicity within the Mojave Desert are less than 1 mm/yr (Figure 1 ). Despite the abundance of active faults within the Mojave Desert, many of which have not been studied, it is unlikely that the summed geologic slip rate can balance the geodetic rate of strain accumulation unless one or more of these faults slips at rates greater than 1 mm/yr.
[5] This paper presents new mapping and dating of landforms that are displaced by dextral slip on the Calico fault in order to document its slip rate and to explore shown as dark gray band encompassing network of active faults, together absorb 9 -23% of total PacificNorth America plate boundary shear [Dixon et al., 2000; Dokka and Travis, 1990b] . JDF, Juan de Fuca; MTJ, Mendocino triple junction. Area of Figure 1b enclosed by dashed line. (b) Index map of Eastern California Shear Zone showing fault slip rates (in parentheses, mm/yr) determined from paleoseismic studies [Bryan and Rockwell, 1995; Cadena et al., 2004; Padgett and Rockwell, 1993; Rubin and Sieh, 1997] , offset alluvial terraces and fans [McGill and Sieh, 1993; Weldon and Sieh, 1985; Zhang et al., 1990] , and offset basalt flows [Hart et al., 1988; Oskin and Iriondo, 2004] . Dark gray bands outline historic earthquake ruptures Treiman et al., 2002] . Medium gray band highlights Calico-Blackwater fault system. discrepant geologic and geodetic strain accumulation in the ECSZ (Figure 1 ). With a strike length of over 140 km, the combined traces of the Hidalgo, Calico and Blackwater faults (Figure 2 ) comprise the most continuous set of active dextral faults in the Mojave Desert [Dibblee, 1961] . Geologic information on the late Quaternary slip rate and Holocene rupture history of the fault system are especially desirable because of its proximity to recent large earthquakes in the ECSZ: The Calico fault lies between the traces of the 1992 Landers and 1999 Hector Mine coseismic ground ruptures (Figure 2 ), whereas the Blackwater fault sits astride the unusual high-strain-gradient geodetic anomaly northwest of these ruptures [Peltzer et al., 2001] . Dokka and Travis [1990a] proposed a slip rate for the combined Calico-Blackwater fault of 1 -2 mm/yr based on a wellconstrained offset of prefaulting markers by 9.6 km between the Newberry Mountains and the Rodman Mountains [Garfunkel, 1974] and an assumed fault initiation between 10 and 6 Ma. Geodetic inversions for strain accumulation yield similar rates of 1.7 ± 0.5 mm/yr [McClusky et al., 2001 ] and 1.9 ± 0.6 mm/yr [Meade and Hager, 2005] , as well as substantially higher rates of 5.5 to 8.0 mm/yr . These rates significantly exceed a geologic slip rate of 0.49 ± 0.04 mm/yr for the Blackwater fault determined from faulted 3.6 Ma basalt flows [Oskin and Iriondo, 2004] . New displacements and age data are described here using middle to late Quaternary landforms offset by the Calico fault in the northern Rodman Mountains. We acquired high-resolution topography via airborne laser swath mapping to help document offset units and develop a model of coeval fault slip and landscape evolution. Cosmogenic surface exposure dating and 40 Ar/ 39 Ar dating of basaltic lava flows are used to constrain the ages of offset features.
Neotectonic Mapping
[6] The Sheep Spring Wash study area (Figures 2 and 3) , located on the southern margin of the Manix basin, was [Garfunkel, 1974] to $3 km in the Calico Mountains and the Mud Hills [Dibblee, 1968; McCulloh, 1952; Singleton and Gans, 2005] . selected as a site for airborne laser swath topographic surveys and field investigations to determine slip rates for the Calico fault. This site offers several advantages for understanding the displacement history of the Calico fault.
(1) Maximum total offset on a single fault strand, including a component of distributed strain, is well documented here [Dokka, 1983; Garfunkel, 1974] . (2) The Pipkin basalt flow of Quaternary age [Dohrenwend et al., 1991] Rather, the density of this vegetation was found to be inversely correlated to the degree of desert pavement formation, and thus aided discrimination of late Quaternary surfaces. Field mapping was recorded on 1:5000-scale shaded relief maps tinted by elevation and overlain with 2-m elevation contours. Map data was transferred to a geographic information system and checked against the digital elevation model.
Stratigraphy
[8] Field mapping focused on defining late Miocene(?) and younger deposits and landforms emplaced syntectonically with slip on the Calico fault. Early Miocene and older units were also mapped to aid in definition of faults and folds. Glazner et al. [2000] describes the lithology of Miocene and older rocks that predate inception of the Calico fault in the Rodman Mountains. Stratigraphic descriptions presented here are restricted to the late Miocene(?) and younger deposits.
[9] Poorly sorted boulder, cobble, and gravel conglomerate and conglomeratic sandstone crop out northeast of the Calico fault at the foot of the Rodman Mountains (Tertiary-Quaternary conglomerate on Figure 3 ). Clasts are predominantly subangular quartz monzonite derived from west of the Calico fault. Internal angular unconformities and diminishing bedding dips upsection indicate tilting during emplacement of the conglomerate. The lowermost beds of the unit contain proportionally more sandy red matrix material than the uppermost beds. We correlate these lowest beds to unit Tfs mapped by Dibblee [1964] in adjacent areas of the Rodman Mountains. Dibblee [1964] assumed Tfs to be late Miocene in age. The uppermost part of the conglomerate underlies the base of the Quaternary alluvial terrace deposits with an angular unconformity of less than 3 degrees. No clasts derived from the Pipkin basalt flows are present within the conglomerate.
[10] The Pipkin basalt flows form a prominent mesa spanning the crest of the Rodman Mountains west of the Calico fault (Figure 2 ). Four individual flows, each $4 m thick, are recognized at the headwaters of Sheep Spring Wash. The Pipkin cinder cone, located near the southern end of the flow field, marks the probable source of the basalt. Three of these flows filled a north flowing paleovalley toward the base of the Rodman Mountains, and at least one flow then turned east into a paleochannel of Kane Wash. Exposures of the flow are not present east of the Calico fault. Presently, runoff east of the Pipkin basalt flow is funneled into a canyon at the headwaters of Sheep Springs Wash.
[11] Four regionally correlative generations of alluvial fan deposits are recognized in the Sheep Springs Wash study area. Each of these consists of poorly sorted boulder, cobble, and pebble conglomeratic sandstone with clast compositions that represent local source areas. Fan deposits and relict depositional surfaces are mapped to reconstruct prior depositional geometry (Figure 3) . The presence or absence of Pipkin basalt clasts are denoted to aid matching of alluvial fans to source areas in the Rodman mountains. Alluvial fan deposits are designated in alphabetic order from the oldest (B) to youngest (R). Fan surfaces are correlated by surface morphology and clast weathering criteria (Table 1) . These criteria tend to approach steady state with time [Wells et al., 1985] ; thus multiple generations of F and B terraces may not be recognized.
Structural Features
[12] At map scale, the Calico fault in the study area strikes almost uniformly 315° (Figure 3) . At outcrop scale, the fault core is rarely exposed and kinematic indicators of dextral shear could not be recovered. However, scarps and truncated channels indicate dextral displacement of all Quaternary units. Measurable displacements occur in units exposed adjacent to Sheep Spring Wash. K fan deposits on the west side of the wash southwest of the fault terminate against a steep shutter ridge of conglomerate. Across the course of Sheep Springs Wash, the Calico fault juxtaposes the continuation of the K fan deposits against steeply dipping Miocene rocks on the east side of the wash. Matching of these K remnants across the fault is supported by the presence of basalt clasts which are abundant in Sheep Springs Wash but absent from adjacent washes. Based upon this clast source, greater dextral displacements may be inferred for the older F and B terraces in this area.
[13] Folds are preserved at a variety of scales both east and west of the Calico fault in the vicinity of Sheep Springs Wash. West of the Calico fault, Miocene strata are folded into an upright syncline with its south limb juxtaposed against quartz monzonite basement by the east striking Silver Bell fault. Striae measured from one strand of this fault indicate lateral displacement (Figure 3) . Glazner et al. [2000] describe syntectonically emplaced early Miocene strata north of the fault that contain locally derived biotite quartz monzonite clasts, indicating that lateral displacement by the Silver Bell fault is no more than a few kilometers [Glazner et al., 2000] . The Silver bell fault is truncated and displaced by the Calico fault (Figure 2) , and fan surfaces do not appear folded by the syncline or cut by the Silver Bell fault (Figure 3 ). Both the Silver Bell fault and adjacent Miocene rocks are intensely deformed near the Calico fault. Dips in Miocene strata approach vertical and are locally overturned, and both the east striking fault and a wedge of pulverized Miocene rocks are deflected by as much as 500 m within a <100 m wide zone adjacent to the Calico fault (Figure 3) .
[14] Folded Tertiary-Quaternary conglomerate mantles the north slope of the Rodman Mountains east of the Calico fault. Internal angular unconformities and dips that progressively decrease upsection indicate progressive folding during emplacement of the conglomerate (Figure 3 ). Because tilted and folded Tertiary-Quaternary conglomerate deposits occur up to several kilometers east of the Calico fault, we speculate that this folding may be in part the result of slip on a blind reverse fault system that could underlie the northern Rodman Mountains (Figure 2 ). Uplift and northward tilting of Quaternary alluvial fan units in the study area indicates that this folding is active (Figure 3) . Additional, smallerwavelength, steeply plunging folds that occur within the Tertiary-Quaternary conglomerate immediately adjacent to the Calico fault may be the result of dextral slip past a local restraining bend in the fault northwest of Sheep Springs Wash. In this area both F and K fan surfaces are cut by an east striking reverse fault (Figure 3 ). Scarp profiles on the F fan surface indicate 4 m of relative uplift across the reverse fault. He produced via surface exposure. Fresh, glassy, vesicle-free samples of the first (lowest) and third basalt flows were collected from a cliff exposure in the headwaters area of Sheep Springs Wash.
[16] Separates of matrix glass from these basalt samples were analyzed using 40 Ar/ 39 Ar geochronology at the U.S. Geological Survey Argon Thermochronology Laboratory in Denver, Colorado (Table 2) .
Step-heating experiments indicate the presence of excess Ar in the samples (U-shaped spectra) that prevents determination of meaningful plateau ages. The third Pipkin basalt flow sample yielded a wellconstrained Ar K released gas, best represents its age. These ages are slightly older than a K-Ar age of $600 ka cited by Dohrenwend et al. [1991] . The age difference cannot be evaluated because which flow was dated via the K-Ar method and the error in this age are not available (B. Bull and L. McFadden, personal communication, 2004) .
[17] A 3 He exposure age of 388.9 ± 11.7 ka (Table 3) Ar data. This age is also younger than the two oldest 3 He exposure ages determined from basalt delivered to the B alluvial fan by Sheep Springs Wash. The exposed surface of the Pipkin lava flows has been extensively weathered such that original flow features are not preserved, and thus it is likely that the sampled pahoehoe boulder was not continually exposed at the surface.
Cosmogenic Exposure Ages of Alluvial Fan Samples
[18] Boulder surface and amalgamated pavement clast samples were collected from selected fan surfaces for dating via the concentration of cosmogenic 3 He in olivine and 10 Be in quartz derived from basalt and granitic lithology, respectively (Figure 3 and Tables 3 and 4) . Samples were also collected from boulders in the active wash to determine cosmogenic inheritance [Anderson et al., 1996] . Sampling strategy focused on terraces containing both quartz monzonite and basalt boulders 0.5 to 1 m in diameter that are unequivocally derived from Sheep Springs Wash. Vesicular basalt boulders that could have come from near a lava flow surface were avoided to minimize in situ inheritance of cosmogenic 3 He. Angular, visibly broken boulders and spalled boulder surfaces were also avoided to maximize surface exposure history. Granular disintegration and removal of the varnished and transport-abraded outer surface of quartz monzonite boulders was evident on K surfaces and unavoidable for samples of the F and B surfaces. Rounded clast surfaces are preserved much more readily on basalt boulders, which break primarily via longitudinal cracking at the surface rather than weathering by disintegration [McFadden et al., 2005] .
[19] Three samples each of basalt and quartz monzonite boulder surfaces were collected from the active channel of Sheep Springs Wash to test cosmogenic nuclide inheritance acquired prior to deposition. Quartz monzonite boulders showed low 10 Be inheritance ranging from 1.2 to 2.4 ka. He inheritance was substantially greater in quantity and variability, with ages from 15 to 70 ka.
[20] Subdued but visible depositional morphology and sharply defined terrace edges suggest the original K depositional surface is preserved at the sample locality (Figure 3) . Relict, 10-to 30-m-long linear concentrations of boulders express channel patterns, though other features such as sandy channels and cobble debris flow levees are not preserved. Poorly to moderately interlocked patches of desert pavement occur between boulders. Rounded basalt and vein quartz pebbles on these pavement surfaces indicate derivation from alluvial transport rather than from breakdown of larger pebbles or spallation from adjacent boulders. 10 Be exposure ages from quartz monzonite boulders and from amalgamated samples of quartz-bearing pebbles from desert pavement cluster between 53 and 63 ka ( He exposure ages from basalt boulders are significantly older and more variable, with ages ranging between 107 ka and 269 ka. Two 3 He ages from amalgamated pavement samples, each consisting of 20 individual 1 -3 cm clasts, differed by over 40 kyr.
[21] The F fan surface sample locality ( Figure 3 ) was chosen because of its proximity to the Calico fault and its clear association with a former channel of Sheep Springs Wash based on the presence of basalt boulders in the fan deposit. Rounded fan surface morphology, lack of desert pavement, and exhumed pedogenic carbonate clasts point to significant erosion of this locality. Only the larger boulders were sampled for cosmogenic dating because these were likely to remain less disturbed by erosion. Cosmogenic exposure ages for quartz monzonite and basalt boulders average 47 ka and 69 ka, respectively. These younger ages are inconsistent with the surface morphology, stratigraphic position, and greater fault offset exhibited by the F fans compared to the K fans.
[22] The B fans do not preserve relict depositional features at the surface (Table 1) . Boulders were sampled at the apices of rounded fan remnants (Figure 3 ) to capture the most stable part of the eroding deposit.
10
Be ages of the rare remaining quartz monzonite boulders are similar to those obtained from the F terrace (Table 3) . The 3 He ages from basalt boulders spanned an interval from 144 ka to 653 ka, as much as 90% of the 40 Ar/ 39 Ar age of the source lava flows.
Discussion

Ages of Alluvial Fans
[23] Cosmogenic 10 Be ages from quartz monzonite boulders and three of four amalgamated pavement samples from the K b fan surface are internally consistent and yield a well-constrained age of 56.4 ± 7.7 ka (2s uncertainty). Internal consistency of boulder ages and pavement ages ( Table 4 ) demonstrates reproducibility and low nuclide inheritance for granitic clast types. The similar ages suggest that there has been nominal erosion of boulder surfaces that could have reduced these ages, and that both boulders and pavement clasts have witnessed the same, continuous exposure history.
[24] Substantial and unevenly distributed inheritance in basalt clasts prevents straightforward interpretation of cosmogenic 3 He ages from the K and F sample localities. The high and variable ages from the modern wash, 40 kyr age difference in amalgamated samples of 20 pavement clasts collected from sites that gave consistent 10 Be ages, and 160 kyr span of ages from boulders on the K fan surface all indicate that the distribution of inheritance in basalt clasts is not easily removed by clast averaging. The contrast between 10 Be and 3 He ages also implies that basalt inheritance was acquired prior to transport by Sheep Springs Wash. Likely, there is significant residence time of basalt clasts on the talus slope below the Pipkin basalt flow. The processes that mobilize this sediment into the fluvial system result in an asymmetric distribution of inheritance ages with a long tail reaching back well toward the emplacement age of the source lava flow.
[25] Four out of five 10 Be exposure ages from granitic boulders sampled from the F and B fans are younger than the K fan (Table 4) . We interpret these anomalously young 10 Be exposure ages as the result of erosion of the rounded interfluves of relict fan surfaces. Reinterpretation of these 10 Be ages as steady state erosion rates for the fan crests yields rates of 9 to 15 cm/kyr. At these rates, over 8 m could have been removed from the interfluves of eroded F and B fans since formation of the K terrace. Alternatively, a pulse of hillslope erosion late in the terrace history could explain the anomalously young 10 Be ages. A pulse of hillslope erosion leading to dramatic alluvial fan progradation occurred during the Pleistocene-Holocene transition in the Mojave Desert [Bull, 1991] . This event may have built the R fans in the study area. Approximately 1 m of erosion at 14 ka into a surface stable since 150 ka could explain present-day 10 Be concentrations of F quartz monzonite. Because the amount and timing of erosion are unconstrained, a unique age cannot be determined from the F sample site.
[26] Stratigraphic constraints and the configuration of paleodrainage suggest that the B fan unit formed soon after emplacement of the Pipkin basalt flows. The B fan repre- Oskin and Iriondo [2004] for sample analysis procedure. MSWD is a goodness of fit measure for the isochron ages based on the mean square of weighted deviates [York, 1969] ; 39 Ar K is 39 Ar generated from 39 K during irradiation of the sample.
sents the first appearance of basaltic detritus in a continuous growth section of Tertiary-Quaternary conglomerate east of the Calico fault, thus the age of the Pipkin basalt provides a reasonable older bound on the age of the B fan deposit. A younger bound may be inferred from the exposure history of the oldest cosmogenically dated basalt boulder from the B fan surface, sample CC04-021 (Table 3) . This rounded, vesicle-free boulder must have been exposed at or near the He concentrations were measured by noble gas mass spectrometry at Harvard University. At Harvard, olivine phenocrysts, 0.5 -1 mm in diameter, were inspected under a binocular microscope to ensure that they were free from alteration products and adhering matrix. The crystals were ultrasonically cleaned in distilled water and then in acetone and dried in an oven at 80°C for 1 hour. Gases trapped in melt/fluid inclusions were first liberated by crushing under vacuum. Following crushing, the powders were fused and the cosmogenic Figure 3 for sample localities. Figure 2 ). The eastern edge of the Pipkin basalt flows presently drains into upper Sheep Springs Wash. We hypothesize that diversion of the upper part of the tributary of Kane Wash into Sheep Springs Wash occurred in response to filling of the paleovalley with basalt, and that subsequent incision of the basalt and production of basalt boulders records propagation of a knickpoint upstream from the diversion point. On the basis of this scenario, we conservatively assign an age of 650 ± 100 ka to base of the B fan deposit that encompasses the 40 Ar/ 39 Ar date of the youngest paleovalley-filling basalt flow and the cosmogenic 3 He exposure age sample CC04-021.
Displacements at Sheep Springs Wash
[27] Reconstructions of mid to late Pleistocene alluvial fans developed near the outlet of Sheep Springs Wash can be used to restore dextral displacement by the Calico fault (Figures 5 and 6 ). Because adjacent catchments do not access the Pipkin lava flow, abundant basalt clasts present in many fan deposits tie their sources to Sheep Springs Wash.
[28] The edges of K fan remnants near the Calico fault preserve partial deflection of the channel of Sheep Springs Wash ( Figure 5) . A northeastward bend in the modern channel may have formed in response to dextral fault displacement. However, it is uncertain how much of this bend existed at formation of the K surface. Incision of the K fan left remnants on opposite sides of the channel on either side of the Calico fault. A simple restoration of these fan remnants leaves no space for the incised channel of Sheep Springs Wash at the time of abandonment of the K fan surface. Maximum restoration of the K fan of 160 m leaves adequate space for the channel to have incised between these fan remnants. Minimum displacement of K is not as well constrained as the maximum displacement. A conservative minimum estimate of 90 m restores the east wall of the former channel at K time across the fault, accounts for uncertainty in channel orientation, and maintains overall width of the modern incised channel.
[29] Simultaneous assessment of a collection of geomorphic features formed during incision and abandonment of K fans demonstrates the advantage of high-resolution airborne laser swath mapping over traditional surveying of single fault offsets ( Figure 5 ). Reconstruction of K fans and incised channels along the Calico fault northwest of Sheep Springs Wash provides critical constraint on the permissible amount of post-K offset. K alluvial fans emanate from a pair of north flowing channels (Figure 3) and merge near the trace of the Calico fault. The western channel and three small tributary channels incised into the K surface are restored across the Calico fault with 100 ± 10 m of slip. This amount of slip also aligns steep channel walls developed along the eastern channel where it crosses the Calico fault. Although these channel walls are deeply incised into the older F terraces on the west side of the fault, the same channel is cut into a K fan immediately upstream and thus Figure 5 . Restoration of 100 m of fault slip since incision of the K terrace overlain on hillshade image derived from airborne laser swath topography. Light grey, K terrace deposits; dark grey, F terrace deposits; black speckled pattern, presence of Pipkin basalt clasts. Lines of white dots indicate restored features, as denoted in figure. Numbers 1 through 6 refer to offset features described in Table 5 . Gaps in restoration indicate areas of shortening during fault slip that are consistent with folding northeast of Calico fault.
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OSKIN ET AL.: SLIP RATE OF THE CALICO FAULT supports correlation of the latest incision event to the abandonment of K fan surfaces. The beheaded downstream sections of both the east and west channels now reside juxtaposed against steep shutter ridges that have collapsed as landslides, in further support of at least this amount of post-K slip. Values of slip greater than $100 m are precluded because K fan remnants would then block the western channel and narrow channel walls would constrict the eastern channel. Considering all offsets recorded by channels incised into K, 100 ± 10 m of displacement represents the best estimate of post-K dextral slip of the Calico fault.
[30] We interpret the F terraces as preserving an avulsion event from an older, now beheaded paleochannel of Sheep Spring Wash to its present channel. Basalt boulders abundant in F fans but nearly absent from adjacent, younger K fans support the paleochannel connection during F emplacement and its subsequent avulsion. Figures 6 (top) and 6 (middle) show a speculative preavulsion and postavulsion reconstruction of F with 450 m of displacement restored. The preavulsion channel is interpreted to have incised after formation of the older B fan to create an entrenched outlet to Sheep Springs Wash across the Calico fault. This connection is inferred to have been maintained during the early aggradation of F via a deflected channel beveled across low-lying Miocene rock outcrops southwest of the fault (Figure 6, top) . Unfortunately, no F fan remnants or relict basalt clasts in the beveled region southwest of the Calico fault were found to lend support to this hypothesis. Avulsion, possibly triggered by continued aggradation of the F fan, allowed Sheep Springs Wash to occupy a second channel with a more direct and steeper path (Figure 6 , middle). Though avulsion resulted in a significant loss of drainage area, F deposition appears to have persisted downstream of the beheaded channel to deposit a basalt-poor F fan (Figure 3) . Unconsolidated Tertiary-Quaternary conglomerate deposits provided a readily available source of sediment to this fan and younger K and R fans.
[31] The extent of B fan remnants suggests that a broad, north sloping alluvial fan emerged from upper Sheep Springs Wash when basalt clasts were first delivered from the Pipkin lava flow. Although other potential sources of this fan exist to the northwest, the most proximal correlation is most likely because Sheep Springs Wash and the B fan remnants on Figure 3 are the most southeasterly source and deposit of Pipkin basalt clasts, respectively. For the purposes of reconstruction, Sheep Springs Wash southwest of the fault is confined to its present course, including K fan remnants. Alignment of the west side of Sheep Springs Wash with the west, entrenched margin of the B fan deposit accounts for a lag deposit of basalt boulders between the present channel and beheaded paleochannel of Sheep Springs Wash (Figure 6 ). Because this alignment approaches the Calico fault at a low angle, it provides little constraint on post-B fault slip. Restoration of the head of the B alluvial fan with Sheep Springs Wash is better constrained by alignment of higher topography, presently preserved along the east side of several F fan remnants (Figure 3 Beveled area is region of low, concordant ridgelines interpreted to be the remnants of a strath terrace formed during deflection of former course of Sheep Springs Wash by fault slip. Later avulsion of Sheep Springs Wash, shown here at 450 m of restored fault slip, is interpreted to have abandoned basalt-bearing F terraces along paleochannel. Lines of white dots indicate restored edges of B alluvial fan. Number 7 refers to offset fan edge described in Table 5 . Gaps in restoration indicate areas of shortening during fault slip that are consistent with uplift of terraces and folding of conglomerate deposits northeast of Calico fault.
Distributed Deformation
[32] Distributed deformation (e.g., fault drag) contributes additional shear not observable as localized truncation and displacement of features at a fault trace. Unmeasured distributed deformation in the near surface may lead to underestimation of slip rate on the fault at depth. Accounting for distributed deformation in fault slip rates depends on the scale of observation. Within a few meters of the fault trace, a significant proportion of displacement may be embedded in distributed shear of unconsolidated surficial sediments [Salyards et al., 1992] . Alignment of linear features that approach the fault from a distance of tens of meters minimizes drag directly adjacent to the fault but will not account for shear that is distributed over a broader region. Generally, it is invalid to assume linearity for displaced geomorphic features, such as stream channels, at the scale necessary to measure broadly distributed shear. However, the cumulative distortion of faulted, formerly linear bedrock markers that approach the fault trace may be used to estimate the proportion of distributed strain not captured by Quaternary markers.
[33] The inactive Silver Bell fault (Figure 2 ) provides a bedrock marker that predates inception of the Calico fault. Glazner et al. [2000] document that the Silver Bell fault was active as an early Miocene normal fault, with little or no lateral displacement, from syntectonically emplaced conglomerate in its former hanging wall. These sediments were later folded into an asymmetric north vergent syncline, and the basin-bounding Silver Bell fault consequently was overturned and is now a steeply dipping reverse fault. Similar early Miocene syntectonic sedimentary rocks and folding characterize the Silver Bell fault in the Sheep Springs Wash area (Figure 3) . Near the Calico fault, the syntectonic sedimentary rocks do not contain evidence of coarsening or unconformities that would indicate the presence of an active Calico fault during slip on the Silver Bell fault.
[34] Reconstruction of the Silver Bell fault constrains both the total offset on the Calico fault as well as the proportion of this offset absorbed by distributed deformation (Figures 2 and 7) . The displaced intersection of the Silver Bell fault defines dextral apparent offset of 7.56 ± 0.04 km on the Calico fault. This offset approximates the true slip on the Calico fault because its dip-slip motion is probably no more than 500 m, and the Silver Bell fault marker dips steeply [Glazner et al., 2000] . Outcrops of the Silver Bell fault that lie farther than 500 m from the Calico fault define linear traces that, when extrapolated to the Calico fault trace, indicate 2.22 ± 0.14 km of distributed dextral shear and 9.78 ± 0.14 km of total displacement. Most of the uncertainty occurs because the trends of the exposed traces of the Silver Bell fault further than 500 m from the Calico fault differ by 15°on opposite sides of the Calico fault. About 60% of the distributed dextral shear occurs via distortion of narrow slivers of rock trapped in a 100-m-wide high-strain zone between the deformed Silver Bell fault and the Calico fault. One of these slivers is mapped in the southeast corner of Figure 3 .
[35] Assuming that the form of distributed shear and its ratio to slip on the Calico fault has remained constant since fault inception permits estimation of the distributed shear contribution to slip rates derived from displaced Quaternary markers. Where precise markers of slip immediately adjacent to the Calico fault are measured, none of the distributed shear component may be resolved and the total displacement rate may be as much as 30% greater than the measured displacement rate. The small gullies and channel walls in K fan surfaces that are displaced north of Sheep Springs Wash ( Figure 5 ) are an example of precise markers where this may be the case. Less precise but larger-scale markers of fault slip, such as the restoration of K and B fans at Sheep Springs Wash (Figures 5 and 6 ), likely include distributed shear in the high-strain zone within 100 m of the Calico fault. In these cases, the total displacement rate, including distributed shear between 100 m and 500 m of the Calico fault, could be as much as 10% greater than that measured from the faulted Quaternary markers. If the character of distributed shear has changed during evolution of the Calico fault by narrowing and focusing strain within the fault zone core, then the underestimates of total displacement rate from Quaternary markers commensurately would diminish.
Slip Rate of the Calico Fault
[36] Deductions of slip rate for the Calico fault depend upon how various late Quaternary markers and evidence for distributed shear are employed (Table 5) . A shorter-term slip rate of 1.8 ± 0.3 mm/yr based solely upon offset of the K fans is higher than longer-term rate of 1.4 ± 0.4 mm/yr determined from offset of the B fans. Although these rates could indicate a modest acceleration of fault slip in the late Quaternary, the rates overlap within uncertainty. Distributed deformation could add between 10% and 30% to measured slip values and increases slip rates to 2.1 ± 0.5 mm/yr and 1.5 ± 0.5 mm/yr from offset of the K and B fans, respectively. If the slip rate of the Calico fault is assumed to have been constant over the time intervals measured, then a single rate with reduced uncertainty can fit the combined Figure 7 . Distributed deformation of the Silver Bell fault adjacent to the Calico fault with slip on the Calico fault restored. Points are outcrops of Silver Bell fault defined from field mapping and aerial photography. Calculation of deflection based on least squares fit of Silver Bell fault trace for points greater than 500 m from Calico fault trace. As much as 60% of off-fault deformation occurs within 100 m of the Calico fault, shown as a grey band. data set. Figure 8 illustrates this graphically by a plot of fault displacement versus time before present with a line fit constrained to pass through the origin. The constraints of all offsets yields a combined-fit slip rate of 1.6 ± 0.2 mm/yr without the distributed shear component. Inclusion of distributed shear increases the combined-fit slip rate by up to 10%.
Strain Gradients of the Calico-Blackwater Fault System
[37] Significant along-strike gradients of total slip and slip rate characterize the Calico-Blackwater fault system. The maximum measurable displacement of 9.78 ± 0.14 km (this study) occurs across the central part of the Calico fault through the Rodman Mountains. South of the Rodman Mountains, the Calico fault bifurcates into multiple strands that approach but do not cut the Pinto Mountain fault [Dibblee, 1961] (Figure 2) . A similar zero-slip fault termination occurs at the north end of the Blackwater fault as it approaches the Garlock fault [Oskin and Iriondo, 2004; Smith, 1964] . The transition zone between the Calico fault and the Blackwater fault corresponds to a significant drop in total displacement and slip rate. Dextrally offset markers within the transition zone in the northern Calico Mountains and Mud Hills sum to approximately one third of the offset measured in the Rodman Mountains (Figure 2 ). The slip rate drops even more precipitously across this transition zone from 1.8 ± 0.3 mm/yr on the Calico fault to only 0.49 ± 0.04 mm/yr on the Blackwater fault, which suggests that the difference in total slip reflects a long-term difference of strain accumulation rate.
[38] Structural relationships in the Calico Mountains and adjacent Manix basin (Figure 2 ) suggest that intersecting sinistral faults and north-south shortening may explain the drop in slip rate between Calico fault and the Blackwater fault. The intersections of the Coyote Lake and the Manix faults with the Calico fault both form unstable strike-slip fault triple junctions. In order for both dextral and sinistral faults to be active, fault-bounded blocks must change shape with fault slip [Taylor et al., 2003; Walls et al., 1998 ]. Active folding and thrust faulting [Glazner and Bartley, 1994] , together with deflection of dextral faults in this region, suggest that formation of compressional left steps in the dextral faults and folding of blocks surrounding the triple junctions accommodates slip on left-lateral faults. Active folds and thrust faults that build the Calico Mountains and Mud Hills occur where slip rate and total displacement of the Calico fault decrease. Although many of the folds and thrust faults surrounding the Manix basin deform Quaternary deposits, it is unclear if the rate of shortening here is sufficient to accommodate the reduction in slip rate between the Calico and Blackwater faults.
Implications for Geodetic Versus Geologic Rate Discrepancy
[39] High geodetic strain accumulation rate across the ECSZ [Savage et al., 1990 ] is difficult to reconcile with low Figures 5 and 6 . Slip rate percent uncertainty is root of summed squares of offset percent uncertainty and age percent uncertainty. Distributed deformation estimated from analysis of deflection of Silver Bell fault that yields 30% total off-fault deformation, of which 10% occurred between 100 and 500 m from the Calico fault. Percent distributed deformation assigned according to the scale of observed displaced features. earthquake productivity [Dawson et al., 2003; Rockwell et al., 2000; Rubin and Sieh, 1997] on a finite number of faults that traverse the Mojave Desert (Figure 1 ). One possible solution to this apparent geodetic versus geologic discrepancy contends that present geodetic strain accumulation rate in the ECSZ transiently exceeds the long-term geologic average. Short-term transient postseismic strain immediately following M w 7+ earthquakes in 1992 and 1999 appears to have diminished rapidly [Pollitz and Sacks, 2002] and does not affect pre-1992 geodetic results. Other possible transient strain accumulation processes include interaction of conjugate fault systems [Peltzer et al., 2001] , regional accommodation of restraining bend geometry of the southern San Andreas fault [Meade and Hager, 2005] , and trade-off of strain accumulation between the San Jacinto fault and the ECSZ [Bennett et al., 2004] . Each of these explanations suggests that geodesy could detect short-term tectonic variability that arises from kinematically unstable fault geometry [Ambraseys, 1971] . Paleoseismic data suggests that earthquake activity has been temporally clustered on the fault systems that make up the ECSZ and that historic earthquakes here could be part of an ongoing cluster of earthquake activity that is colocated with the region of high geodetic strain accumulation rate [Dawson et al., 2003; Rockwell et al., 2000] . Consequently, understanding geologic-geodetic discrepancies could better define the spatial distribution of near-term seismic hazards.
[40] The spatially variable slip rate of the CalicoBlackwater fault system suggests that long-term geologic rates and earthquake productivity are more heterogeneous in the Mojave Desert than has been deduced from paleoseismic data [Rockwell et al., 2000; Rubin and Sieh, 1997] . If system-wide temporal clustering dominates moment release in the ECSZ, then larger earthquakes or multiple event clusters may occur on the Calico fault during periods of heightened regional seismicity. Dawson et al. [2003] documented multiple event clusters for the Garlock fault and suggested that these could be related to fault system-wide clustering within the Mojave Desert portion of the ECSZ. Larger earthquakes on the Calico fault would likely involve additional fault strands, such as the Blackwater fault, to increase rupture area and coseismic slip. Paleoseismic investigations of the Calico fault could test the extent to which regional clusters of moment release as documented by Rockwell et al. [2000] and Dawson et al. [2003] may modulate its earthquake productivity.
[41] The relatively high slip rate documented at Sheep Springs Wash for the Calico fault supports the possibility that other faults with higher slip rates may exist within the southern ECSZ. Long-term geologic slip rates that average out earthquake clustering phenomena have not yet been determined for the majority of dextral faults within the Mojave Desert. Thus the overall geodetic budget of at least 10 mm/yr of strain accumulation across the shear zone [Savage et al., 1990] may be balanced when more geologic slip rate data are available. Localized geologic versus geodetic discrepancies are apparent within the ECSZ [Dixon et al., 2000; Oskin and Iriondo, 2004; Peltzer et al., 2001] . However, it remains unresolved whether these anomalies are driven by internal trade-off of strain accumulation rate between individual shear zone faults, or by external fluctuations in strain accumulation rate of the San Andreas and San Jacinto faults [Bennett et al., 2004; Meade and Hager, 2005] . Data from the Calico fault tentatively suggests that slip rates determined over $50 kyr and $700 kyr are similar; thus 50 kyr may be sufficient to average out temporal variability of earthquake recurrence on this fault. Additional investigations of slip rate on other faults at these timescales, in progress, will further test the magnitude of geologic versus geodetic discrepancy in the Mojave Desert section of the ECSZ.
[42] The decline of total slip and slip rate from the Calico fault to the Blackwater fault lends insight into the pathway of active strain accumulation across the Mojave Desert and the mechanism of strain transfer across the Garlock fault. The pattern of westward migration of fault activity in the southern Mojave Desert [Dokka, 1983] is not entirely representative of the northern Mojave Desert. Rather, significant strain accumulation in the southern Mojave Desert is transferred northeastward via shortening, sinistral faulting, and probable vertical axis rotation in the area surrounding the Manix basin (Figure 2 ). Distributed clockwise rotation and complex internal deformation of the northeastern Mojave Desert carries strain accumulation across the Garlock fault and onto the Panamint Valley and Death Valley fault zones [Guest et al., 2003; Miller and Yount, 2002; Savage et al., 2004; Schermer et al., 1996] . At present, geodetic block models of strain accumulation across the ECSZ do not take into account active shortening and sinistral faulting in the central Mojave desert, but rather parameterize the region as a series of continuous dextral faults [Meade and Hager, 2005; Miller et al., 2001] . This approach artificially enhances the connectivity of dextral faults in the ECSZ, which leads to overprediction of dextral fault slip rates in the western ECSZ and underprediction of the sinistral slip rate of the eastern Garlock fault. Present GPS station density may be insufficient to resolve slip on the conjugate fault systems in the central and northeast Mojave Desert. Ultimately, however, the interactions of conjugate fault systems within the central Mojave Desert may be as important as the interactions of conjugate faults across the Garlock fault for understanding the pattern of strain accumulation in the ECSZ.
Conclusion
[43] Mapping and dating of alluvial deposits and surfaces displaced by dextral slip on a portion of the Calico fault yield a Quaternary displacement history. The oldest geomorphically preserved alluvial fan is displaced 900 ± 200 m and is mantled by basalt boulders with cosmogenic 3 He exposure ages as old as 653 ± 20 ka. This age is as much as 90% of the age of the source Pipkin basalt flows, dated at 770 ± 40 ka and 735 ± 9 ka via 40 Ar/
39
Ar geochronology. Using an assigned age of 650 ± 100 ka for the fan deposit yields a mid-Quaternary to present average slip rate of 1.4 ± 0.4 mm/yr at the study site. Channels inset into a younger set of alluvial surfaces are displaced 100 ± 10 m. Cosmogenic 10 Be in quartz from boulders and desert pavement clasts preserved on a fan surface abandoned via incision of these channels yield a combined age of 56.4 ± 7.7 ka after subtraction of minimal 10 Be inheritance. This younger offset and age give a slip rate of 1.8 ± 0.3 mm/yr (2s) for the Calico fault at the study site. Basaltic detritus contains a substantial and asymmetric distribution of cosmogenic 3 He inheritance acquired prior to fluvial transport that is difficult to account for by clast averaging; thus 3 He cannot be used to date these young fan surfaces. Distributed deformation of the region surrounding the fault trace, if active, would increase the overall displacement rate to 2.1 ± 0.5 mm/yr. Both the total displacement and the displacement rate of the Calico fault diminish northward as shear is distributed into folding and conjugate sinistral faults.
[44] New slip rate and strain gradient results presented here provide insight into the cause and significance of geologic versus geodetic rate discrepancy exemplified by the ECSZ. The slip rate of the Calico fault is faster than rates determined thus far for other dextral faults within the Mojave Desert portion of the ECSZ. One implication of this result is that slip rates, and thus earthquake activity in this fault system, are heterogeneous. If temporal clustering of earthquakes dominates strain release in the Mojave Desert [Rockwell et al., 2000] , then multiple-event clusters may be expected for faster slipping faults such as the Calico fault, similar to the clustering of events observed by Dawson et al. [2003] on the Garlock fault. A second implication of the relatively high slip rate of the Calico fault is that other, high slip rate faults that are required to balance the overall 10 to 14 mm/yr geodetic strain accumulation rate across the ECSZ may exist within the Mojave Desert fault array. Slip rate measurements from additional faults at spatial and temporal scales that average earthquake clustering effects are required to determine whether a geologic versus geodetic discrepancy is confined to individual faults within the province, such as the Blackwater fault [Oskin and Iriondo, 2004; Peltzer et al., 2001] , or occurs province-wide. Gradients in fault displacement and slip rate of the Calico fault indicate that shortening and transfer of shear onto sinistral faults significantly affects the pattern of fault displacement within the Mojave Desert region and should be incorporated into models of presentday strain accumulation. 
